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Chapter 1: Introduction 
 
Oilseed rape (Brassica napus L.) is the most important crop for edible oil, fodder and biofuel 
production in Europe. In Germany, the oilseed rape cultivation area has increased in the last 
decades, particularly due to its properties as renewable energy source, reaching 1.5 Mio ha in 
2007 and 1.3 Mio ha in 2012. Production in the last 10 years ranged from 3.6 to 6.3 Mio t 
(Eurostat 2012). Besides adverse weather conditions, like sub- and supra-optimal 
temperatures, drought stress, and frost damage (Diepenbrock 2000; Kutcher et al. 2010), 
infection with fungal pathogens can lead to substantial yield losses, which are even reinforced 
by shorter crop rotations.  
The economically most important oilseed rape pathogen in Germany is Phoma lingam 
(Leptosphaeria maculans), which causes leaf lesions in autumn (Fig. 1a, b) and severe stem 
and crown canker in spring, potentially leading to plant lodging (Fitt et al. 2006). Sclerotinia 
sclerotiorum can cause severe losses as infected stems begin to rot, leading to premature 
ripening in the seed filling period (Del Rio et al. 2007). Apothecia which germinate from 
buried sclerotia in the soil in spring (Fig. 1c) serve as inoculum source. Verticillium 
longisporum is a relatively new disease, mainly occurring in areas like Sweden and Northern 
Germany with intensive oilseed rape cultivation during the last decades (Dunker et al. 2008; 
Johansson et al. 2006). This pathogen can survive in the soil for many years by microsclerotia 
(Fig. 1d) produced on the host tissue. Verticillium inoculum probably exists in most oilseed 
rape growing regions in Germany (Steinbach et al. 2005). All three pathogens have in 
common that substantial parts of their life cycle take place in the soil or on the soil surface; 
hence their development is strongly influenced by the above and belowground microclimate.  
Climate change has been accelerated by increased anthropogenic greenhouse gas emission in 
the last century, and is associated with rising temperatures around the globe (IPCC 2007). In 
Lower Saxony, average temperatures have increased by 1.3°C in the last 60 years (Haberlandt 
et al. 2010), and a further increase of 2.5°C by 2100 in comparison to the baseline period 
1971-2000 is projected by the regional climate models REMO and CLM 
(Regierungskommision Klimaschutz 2012). Rising average temperatures may lead to changes 
in crop phenology (Weigel 2005), but also in the occurrence of pests, pathogens and weeds 
(Peters and Gerowitt 2012; Tiedemann and Ulber 2008). A number of approaches have been 
used previously to study climate change effects on plant pathogens, such as studies along 
elevation or latitudinal gradients, meta-analyses, long term data monitoring or modeling 




2012). Several modeling studies in the UK focused on climate change effects on oilseed rape 
pathogens (Butterworth et al. 2010; Evans et al. 2008), but for Germany similar studies are 
lacking. Furthermore, field manipulation experiments focusing on potential changes in oilseed 





Fig. 1: Simplified life cycle of the three most important pathogens of oilseed rape in Germany 
in relation to crop development (a), leaf lesion featuring pycnidia of Phoma lingam (b), 
apothecia of Sclerotinia sclerotiorum on the soil surface (c), oilseed rape root section 
colonized by microsclerotia of Verticillium longisporum (d).  
 
 
Recently, there has been substantial governmental funding in order to initiate climate change 
impact assessment projects in the light of a growing world population and food security. The 




(Klimafolgenforschung in Niedersachsen), initiated in 2009 and funded by the Ministry for 
Science and Culture of Lower Saxony, is one of the first projects in Germany to investigate 
and assess potential effects of climate change on crop production at a regional scale within 
one of its research themes. The focus of this theme (FT3) is on pests, pathogens and weeds in 
the four most important crops in Lower Saxony: wheat, maize, oilseed rape and sugar beet.  
 
Within KLIFF FT 3, this study had the following objectives: 
 
1) First, existing published literature and modeling approaches dealing with climatic effects 
on the life cycle of economically important oilseed rape pathogens were summarized and 
knowledge gaps identified (Chapter 2). 
 
2) Based on 1), potential effects of climatic change on the epidemiology of the three most 
important oilseed rape pathogens L. maculans, S. sclerotiorum and V. longisporum were 
investigated experimentally. To this end, a soil warming facility was constructed (Chapter 3) 
and experiments were additionally carried out in climate chambers, both approaches 
simulating regional mid- and long term warming scenarios (Chapter 4). 
 
3) Based on the theoretical and experimental approaches, potential changes in the future 









Butterworth MH, Semenov MA, Barnes A, Moran D, West JS and Fitt BDL (2010). North-
South divide: contrasting impacts of climate change on crop yields in Scotland and 
England. Journal of The Royal Society Interface 7(42): 123-30. 
Del Rio LE, Bradley CA, Henson RA, Endres GJ, Hanson BK, McKay K, Halvorson M, 
Porter PM, Le Gare DG and Lamey HA (2007). Impact of Sclerotinia stem rot on 
yield of canola. Plant Disease 91(2): 191-194. 
Diepenbrock W (2000). Yield analysis of winter oilseed rape (Brassica napus L.): a review. 
Field Crops Research 67(1): 35-49. 
Dunker S, Keunecke H, Steinbach P and Tiedemann Av (2008). Impact of Verticillium 
longisporum on yield and morphology of winter oilseed rape (Brassica napus) in 
relation to systemic spread in the plant. Journal of Phytopathology 156(11-12): 698-
707. 
Eurostat (2012). Oilseed rape cultivation area and yield in Europe, 
http://epp.eurostat.ec.europa.eu/tgm/table.do?tab=table&init=1&plugin=1&language=
de&pcode=tag00099; and =tag00104 (verified 22.08.2012) 
Evans N, Baierl A, Semenov MA, Gladders P and Fitt BDL (2008). Range and severity of a 
plant disease increased by global warming. Journal of The Royal Society Interface 
5(22): 525-531. 
Fitt BDL, Brun H, Barbetti MJ and Rimmer SR (2006). World-wide importance of Phoma 
stem canker (Leptosphaeria maculans and L. biglobosa) on oilseed rape (Brassica 
napus). European Journal of Plant Pathology 114(1): 3-15. 
Haberlandt U, Belli A and Hölscher J (2010). Trends in beobachteten Zeitreihen von 
Temperatur und Niederschlag in Niedersachsen. Hydrologie & Wasserbewirtschaftung 
54(1): 28-36 (German with English Abstract). 
IPCC (2007). Summary for Policymakers, in: Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. 
Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA. 
Johansson A, Goud J-K and Dixelius C (2006). Plant host range of Verticillium longisporum 





Juroszek P and Tiedemann Av (2012). Plant pathogens, insect pests and weeds in a changing 
global climate: a review of approaches, challenges, research gaps, key studies and 
concepts. The Journal of Agricultural Science: doi:10.1017/S0021859612000500. 
Kutcher HR, Warland JS and Brandt SA (2010). Temperature and precipitation effects on 
canola yields in Saskatchewan, Canada. Agricultural and Forest Meteorology 150(2): 
161-165. 
Peters K and Gerowitt B (2012). How might climate change alter the interactions between 
weeds and crops? Julius-Kühn-Archiv 434: 35-42. 
Regierungskommision Klimaschutz (2012). Empfehlung für eine niedersächsische Strategie 
zur Anpassung an die Folgen des Klimawandels, Niedersächsisches Ministerium für 
Umwelt, Energie und Klimaschutz, 113 pp., Hannover. 
Steinbach P, Kreye H and Wolf GA (2005). Bundesweites "Verticillium-Monitoring" Raps 1: 
20-26. 
Tiedemann Av and Ulber B (2008). Verändertes Auftreten von Krankheiten und Schädlingen 
durch Klimaschwankungen. In: A.v. Tiedemann, R. Heitefuss and F. Feldmann 
(Editors), Pflanzenproduktion im Wandel – Wandel im Pflanzenschutz. Deutsche 
Phytomedizinische Gesellschaft, Braunschweig, Germany, pp. 79-89 (German). 
Weigel HJ (2005). Healthy plants in the future: how does climate change affect crop 



































































































































































































































































Chapter 5: General Discussion 
 
Use of cardinal temperatures and degree days in climate change studies 
This work presents for the first time possible effects of global warming on important 
pathogens of oilseed rape in Germany, derived from a combination of theoretical and 
experimental approaches. The theoretical approach was based on cardinal temperatures for 
each life cycle stage of the pathogens Phoma lingam (Leptosphaeria maculans), Sclerotinia 
sclerotiorum, Verticillium longisporum, Pyrenopeziza brassicae and Alternaria sp. By 
comparing those temperature requirements with regional climate projections for three 
different oilseed rape growing regions in Lower Saxony, it was estimated that V. longisporum, 
S. sclerotiorum and Alternaria sp. may be favored by rising temperatures, particularly during 
initial life cycle stages, whereas P. lingam is in its optimum temperature range already at most 
locations, and P. brassicae may lose importance under future warming. From the 
experimental approaches based on accumulated degree days in spring it was concluded that 
warming may advance spread of V. longisporum inside the stem potentially leading to 
stronger colonization, and lead to earlier apothecia production of S. sclerotiorum potentially 
advancing the infection window, whereas results on P. lingam were controversial and no clear 
trend towards warmer temperatures could be established. In general, estimations based on 
cardinal temperatures match the experimental results based on degree days. Hence, the 
combination of both approaches was useful to assess possible impacts of warming on the 
development of these pathogens. For S. sclerotiorum, the cardinal temperature approach may 
be more important, since correlation coefficients for degree days were low. For V. 
longisporum, on the other hand, the degree day approach may be more applicable, since the 
infection time point is still not established. West et al. (2012) evaluated the outcome of 
weather-based disease models in the light of pathogen epidemiology and projected climate 
change for north-west Europe. They concluded that little change may be expected for spring-
infecting root and stem pathogens like S. sclerotiorum, since their development may be 
advanced in parallel with crop development, which agrees with our results for S. sclerotiorum 
under German climatic conditions. 
The comparison of results based on degree days may be compromised by the use of different 
definitions and calculations of dd, particularly concerning different baseline temperatures 
(Bonhomme 2000). For oilseed rape, a baseline temperature of 5°C below which no plant 




threshold temperature of 0°C (Cruz et al. 2007; Habekotte 1997; Hodgson 1978). The 
baseline temperature may also depend on the cultivar (Morrison et al. 1989) or growth stage. 
For fungal pathogen development, baseline temperatures of 0.5°C (Zearfoss et al. 2011) and 
1.1°C (Bolton et al. 2010) have been used previously. Magarey et al. (2005) suggested 
minimum temperatures for leaf infection of L. maculans (2.6°C) and S. sclerotiorum (1°C) on 
oilseed rape and bean, respectively. Overall, the baseline temperature for a certain pathogen 
depends on the life cycle stage and may be strongly influenced by the environment where a 
particular life cycle stage is taking place, e.g. soil, air or inside the plant tissue (Lovell et al. 
2004) 
The linkage of climate change projections with plant disease forecast generally faces the 
problem of different scales, i.e. an event in the fungal life cycle may take place on a sub-daily 
or weekly basis, whereas future climate projections have a much larger temporal resolution 
(Seem 2004). Furthermore, pathogen response is often nonlinear towards temperature, and 
estimation errors may occur when average temperatures are close to the optimum of a certain 
pathogen (Scherm 2004). One may argue that this limits the use of daily mean temperatures as 
reflected in the degree day approach in global warming assessment, since temperatures 
exceeding the optimum of a fungus are not included (Schrödter 1965). However, upper and 
lower temperature limits are life cycle specific and the length of a specific life cycle stage is 
hard to predict due to influences other than temperature. By considering both the cardinal and 
the degree days approach, estimations on future pathogen development seem to be more 
robust.  
 
Experimental approaches in climate change studies 
A variety of experimental approaches, such as plastic covers, infrared heaters, open top 
chambers and heating elements in the soil or on the soil surface, has been used in the past to 
study climate change effects under field conditions in different environments. Investigations, 
however, mainly focused on plant species composition and diversity (Zavaleta et al. 2003), 
growth and phenology (Patil et al. 2010), and soil processes like soil respiration (Natali et al. 
2011), C and N cycles (Niu et al. 2011), decomposition (Verburg et al. 1999) and microbial 
diversity (Sheik et al. 2011), whereas the work reported here was the first to focus on both 
host plant and pathogen development under experimental warming. It may be useful for future 
studies utilizing the soil warming facility to add above-ground sensors measuring the canopy 
microclimate, especially for life cycle stages of pathogens that take place on the soil surface 




rainout shelters, allowing multifactor climate change impact assessment. The importance of 
changes in future temperature variability has often been stressed, but may be difficult to study 
experimentally. Hence, most approaches use fixed temperature offsets between ambient and 
heated. Since soil-borne pathogens are seldomly included in climate change experiments, it is 
recommended to expand this kind of experiments.  
 
Effects of other climatic factors on pathogen development 
This work focused on elevated temperatures as a result of climate change, which are predicted 
by global climate models. However, other climatic factors, such as relative humidity, 
precipitation and soil moisture may influence certain life cycle stages of fungal pathogens to a 
greater extent than temperatures.  
Among oilseed rape pathogens, Phoma lingam has been most extensively studied due to its 
high yield loss potential. Findings on P. lingam from the UK suggest that increases in thermal 
time may advance the onset of leaf spotting in autumn and stem canker development in the 
following spring, potentially leading to higher disease severity (Evans et al. 2006; Evans et al. 
2008). However, cumulative daily rainfall was also included in these projections. Modeling 
approaches on pseudothecia maturation and subsequent ascospore release in autumn used 
temperature only as upper or lower limit and focused on cumulative rain days (Aubertot et al. 
2006; Salam et al. 2003). Results imply that even if temperatures are conducive for pathogen 
development, seasonal shifts in rainfall patterns may delay the onset of phoma spore release 
and subsequent plant infection. Hence, in areas with a climate similar to Göttingen, where 
temperatures seem to be already conducive for P. lingam epidemics, changes in rainfall and 
relative humidity may have a stronger influence on future disease incidence and severity, 
whereas in currently colder regions, e.g the mountainous Harz region, rising autumn 
temperatures may additionally favor the initiation of P. lingam epidemics.  
In this study, only sclerotia germination of S. sclerotiorum as the first step in the disease cycle 
was investigated. More significant for farmers, however, is the ascospore release from 
apothecia and subsequent stem infection. For this purpose, the decision support model 
SkleroPro was developed (Koch et al. 2007). It is based on favorable hours of air temperature 
> 7°C and 11°C, and relative humidity > 86 and 80%, respectively, and a fungicide 
application recommendation is given after 23 continuously favorable hours. Overall, the 
model leads to the right decision in 70-80% of cases (Kleinhenz et al. 2006). In this system, 
however, apothecia production is not considered. Our results suggest that temperature may be 




successful apothecia production. Soil moisture and relative humidity may be more important 
factors for creating a microclimate favorable for successful apothecia production (Kluge et al. 
1999; Mila and Yang 2008; Teo et al. 1989), but their future projections are associated with 
high uncertainties (Karl and Trenberth 2003).  
Soil moisture may be important for germination of microsclerotia of Verticillium 
longisporum, growth of mycelium in the soil and subsequent infection of oilseed rape roots. 
Since much of its life cycle as a vascular pathogen takes place inside the plant tissue, 
microclimatic effects may be less important after successful infection.  
 
Changes in plant-pathogen interaction 
Rising air and soil temperatures will influence the soil microclimate. It was speculated that 
stimulated plant growth may lead to higher root exudation, potentially leading to enhanced 
pathogen growth (Pritchard 2011). In this case, microsclerotia germination of V. longisporum 
may be favored. In some situations, rising temperatures may lead to reduced soil moisture and 
drought stress of crops (Whitmore and Whalley 2009). Adverse effects of drought stress may 
be stronger than the effect of supra-optimal temperatures on canola seedlings (Qaderi et al. 
2012). Plants suffering from drought stress may be more susceptible towards fungal pathogen 
infection (Eastburn et al. 2011). However, recent experimental findings suggest that infection 
of oilseed rape by V. longisporum may not be reduced under drought stress (Daniel Lopisso, 
pers. comm.). Furthermore, rising temperatures may lead to reduced host resistance. For 
example, Huang et al. (2006) showed that the phenotypic resistance of oilseed rape lines 
carrying the Rlm6 resistance gene is reduced at temperatures of 25°C, enabling systemic 
growth of L. maculans from leaf lesions to stems.  
Increased CO2 levels and their effects on crop development have been studied extensively. 
They were linked to faster plant growth, increased biomass and photosynthesis rates in C3 
plants by increased water use efficiency (Brouder and Volenec 2008; Olesen and Bindi 2002; 
Weigel 2005). The first FACE (free air carbon enrichment) experiment with spring oilseed 
rape (Franzaring et al. 2008) revealed a positive CO2 fertilization effect on plant growth 
before flowering, which did not result in significant increase of seed oil contents and oil 
yields. Furthermore, enhanced CO2 levels may lead to water saving effects due to reduced 
transpiration (Franzaring et al. 2011), which may countervail the drought stress effect. Few 
studies on CO2 effects on pathogen development have been carried out. Those effects are 
mainly believed to be host plant mediated effects, e.g. enhanced initial host resistance or a 




Tiedemann 1995). Eastburn et al. (2011) stated that necrotrophic foliar pathogens may be 
favored by rising CO2, whereas effects on soil-borne pathogens have not yet been studied. 
 
Global warming and agricultural practices  
Farmers have been dealing with climatic variability between years successfully in the past. 
Thus, they are likely to cope well with future climatic change. Rising temperatures may be 
beneficial for farmers in Germany, since the extended growing season may allow more 
flexibility between harvesting and sowing. Later sowing may allow seedlings to escape 
advanced ascospore showers of L. maculans, or faster plant growth from unchanged sowing 
dates may lead to faster adult plant resistance towards systemic growth of L. maculans 
(Hammond and Lewis 1986). However, experiments on spring oilseed rape also suggest that 
supra-optimal temperatures in the seed-filling stage may limit yield (Clausen et al. 2011). 
Morrison and Stewart (2002) reported a reduction in flowering number and seed yield above 
maximum daily temperatures of 29.5°C. This may become a problem in currently already 
warmer regions.  
Besides fungal pathogens, insect pests are likely to be affected by warming. For example, an 
earlier onset of stem elongation may be accompanied by earlier emergence and a prolonged 
migration period of the stem weevil Ceutorhynchus pallidactylus (Junk et al. 2012) implying 
an adjusted future insecticide spraying schedule for farmers. Furthermore, eggs of the rape 
flea beetle (Psylliodes chrysocephala) may hatch earlier in autumn due to increased thermal 
time, which may lead to higher plant damage (Antje Reinhardt, pers. comm.). Insect damage, 
on the other hand, can also cause entry pathways for fungal pathogens, which is particularly 
important for P. lingam (Keunecke 2009). Additionally, new disease problems could arise in 
currently colder regions, and warmer soil conditions during winter may allow overwintering 
of novel pathogens (Pritchard 2011). Besides the fungal pathogens considered in this study, 
other pathogens may thrive under future warming, e.g. Plasmodiophora brassicae, a soil-
borne pathogen which has been found to a higher extend in German oilseed rape fields 
recently and is favored by high soil temperatures (Sharma et al. 2011), or Botrytis cinerea, a 
saprophyte which can lead to severe plant losses in overgrown, frost-damaged crops, as 
widely observed in spring 2012. Human activities can also lead to the occurrence of new 
pathogen strains. For example, V. longisporum as a supposedly recent hybrid of V. dahliae 
and two unknown species has a new host range and higher virulence on oilseed rape than any 





Besides global warming, political frameworks may influence the future importance of fungal 
pathogens in oilseed rape. For example, the EU directive 2009/28/EC (Eur-lex 2012a) on the 
promotion of the use of energy from renewable sources and the national BiofuelQuotaAct 
(Bio-energie.de 2012), which enforces the use of biofuels to reduce greenhouse gas emissions 
from fossil fuels, will lead to a growing demand for oil from renewable energy resources like 
oilseed rape, which may be satisfied by rises in yield or cultivation area. Rising oilseed rape 
cultivation, however, will lead to enhanced pathogen pressure. Furthermore, an increased 
cultivation of sunflower, which is a host for the generalist S. sclerotiorum, in a mix with 
maize for biogas plants (Bioenergieportal 2012) may lead to inoculum accumulation in the 
soil (West et al. 2012). On the other hand, EU directive 2009/128/EG (Eur-lex 2012b) on the 
sustainable use of pesticides will enforce integrated pest management (IPM) based on the 
reduction of pesticide application and the use of other measures of disease control, such as 
crop rotation, debris management and growing resistant cultivars.  
Hence, breeding for resistance may be the most important tool for future control of S. 
sclerotiorum and L. maculans, which are mainly controlled by fungicide application today, 
but particularly in the case of V. longisporum (Rygulla et al. 2007) where no other control 
measures exist to date. To assess plant resistance in field experiments, sampling time points at 
the beginning of May are recommended, since qPCR measurements at that time point enable 
differentiation between cultivar susceptibility without the pathogen having reached its 
saprophytic phase. Higher amounts of salicylic acid (see appendix) in susceptible genotypes 
or phenolics and lignin in tolerant genotypes (Eynck et al. 2009) may serve as additional 
markers for susceptibility and resistance early in the growing season. Since disease incidence 
and severity strongly increase before harvest, late field observations are rather unreliable for 
differentiating between cultivar resistance (Johansson et al. 2006).  
 
Concluding, global warming will be one of many stimuli influencing future oilseed rape 
cultivation and pathogen prevalence. 
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Climate change is expected to cause a mean annual temperature increase in Germany of 2°C 
by 2050 and up to 4°C by 2100, which will have effects on both crop and fungal pathogen 
development. Within the research framework “KLIFF - Climate Impact and Adaptation 
Research in Lower Saxony”, potential effects of higher air and soil temperatures on the life 
cycle of economically important fungal pathogens of oilseed rape (Brassica napus L.) were 
investigated both theoretically and experimentally. Within the theoretical approach, published 
knowledge about temperature effects on certain life cycle stages of Leptosphaeria maculans 
(Phoma lingam), Sclerotinia sclerotiorum and Verticillium longisporum, such as survival, 
sporulation, infection and further disease development, was collected. Cardinal temperatures 
of each life cycle stage were compared with current regional climate projections (REMO 
model) based on emission scenario A1B for the periods 2001 to 2030 and 2071 to 2100 in 
three different oilseed rape  growing  regions  in  Lower  Saxony, using  a  baseline  historical  
series  of meteorological data collected from 1971 to 2000. This analysis suggests that higher 
temperatures may lead to shifts in future prevalence of these pathogens. While Verticillium 
longisporum and Sclerotinia sclerotiorum could be particularly favored during their early 
development stages, potentially leading to higher disease severity, Phoma lingam may only 
benefit in currently colder oilseed rape growing regions. 
In order to study effects of rising air and soil temperatures on the soil- and debris-borne life 
cycle stages of the three pathogens, experiments utilizing climate chambers and a newly 
constructed soil warming facility were carried out. Warming treatments reflected both 
regional temperature differences as well as mid- and long-term warming scenarios for Lower 
Saxony. Investigations included (1) infection of oilseed rape by Verticillium longisporum and 
further disease progress, (2) carpogenic germination of Sclerotinia sclerotiorum in spring and 
(3) phoma leaf spot and crown canker development in autumn and spring (field only). Results 
of climate chamber and field experiments were compared on a thermal time scale based on 
degree-days in spring.  
A mean temperature increase of 2°C may lead to advancement of oilseed rape flowering, but 
also apothecia production of S. sclerotiorum by 5 to 7 days. Hence, the coincidence between 
ascospore release from apothecia and end of oilseed rape flowering, leading to optimal 
infection conditions, may still occur under future warming, just earlier in the year. Warming 
may also advance the beginning of exponential growth of V. longisporum within the plant by 




accumulation in the soil, which may result in higher yield losses in the future. Development of 
phoma symptoms may not necessarily be favored by higher temperatures. These assumptions, 
however, are only based on projected temperature increases and restricted by a lack of 
reliable, high-resolution future climate scenarios, also for other important weather parameters 
influencing pathogen development, such as soil moisture, relative humidity and precipitation. 
Assumptions are furthermore complicated by the prospective adaptations of farming 





















Plant responses to different environmental stresses are accomplished by signaling networks 
involving the different phytohormones salicylic acid, jasmonic acid, ethylene, abscisic acid 
and reactive oxygen species (Loake and Grant 2007). Salicylic acid (SA) plays a key role in 
the regulation of plant growth and the response to a broad range of environmental stresses, 
including heat stress and infection by both biotrophic and necrotrophic pathogens, and is 
involved in triggering systemic acquired resistance (Chen et al. 2009; Horvath et al. 2007), 
For example, an increased SA content was found in tobacco inoculated with tobacco mosaic 
virus (TMV, Enyedi et al. 1992) and cucumber inoculated with tobacco necrosis virus (TNV, 
Mölders et al. 1996). In both studies, SA was produced locally and translocated from the 
infection site to other plant parts. In rice, on the other hand, SA may not play a role in disease 
resistance due to high constitutive levels of SA (Silverman et al. 1995). In previous 
greenhouse experiments, increased levels of SA and salicylic acid glycoside, the conjugated 
form which is often considered as a storage form of SA (Vasyukova and Ozeretskovskaya 
2007), have been measured in the stem of rapid-cycling rape inoculated with the vascular 
pathogen Verticillium longisporum (Ratzinger et al. 2009; Riediger 2008). Such studies, 
however, have not been carried out with different winter oilseed rape cultivars to test whether 
salicylic acid accumulation is enhanced in resistant genotypes. Furthermore, studies on field 
grown oilseed rape are lacking. Thus, the main aim of this investigation was to determine 
whether SA plays a role in oilseed rape - V. longisporum interaction under field conditions. 
 
Materials and methods 
 
Plant material 
The stem samples from the soil warming experiment 2010/11 (compare chapter 4, sampling 
time points 5 May, 25 May, 16 June and 7 July), which were obtained for qPCR analysis, 





Extraction of salicylic acid from plant samples 
Freeze-dried and milled samples were spiked prior to phytohormone extraction with the 
deuterated internal standard d6-SA. To 100 mg of dried shoot material (four plants per pool 
and two pooled samples per replicate), 1ml of extraction solvent (20% aceton, 79% H2O and 
1% acetic acid) spiked with standard stock solution (200 ng/ml in methanol) were added. The 
mixture was shaken 45 min in the dark at 160 rpm. 1ml of Diethyl ether (DEE) was added and 
the suspension shaken on ice for 30 min at 160 rpm. Samples were centrifuged at 13,000 g for 
5 min, the phases were separated and the polar phase (DEE + solved phytohormones) dried 
under vacuum at 30°C for 30 min. The residue was dissolved in 200 µl MeOH / H2O (1:1) 
and 7 mM CH3COOH, incubated at room temperature, separated and the polar phase added to 
HPLC vials.  
 
Quantification of salicylic acid and salicylic acid glucoside by HPLC-ESI-MS/MS 
Extracted samples (10 µl) were injected in the HPLC and eluted at 40°C with a flow rate of 
0.2 ml min-1. Chromatography was performed on a Kinetex® C18 (100 mm x 2.10 mm with 
2.6 µm particle size) column equipped with a C18 guard column (2.0 mm) purchased from 
Phenomex Inc.(Aschaffenburg, Germany). The following program was used for elution: 90% 
solvent A ([95:5] [H20:Acetonitrile] containing 7 mM acetic acid) and 10% solvent B (MeOH 
containing 7 mM acetic acid) for 1 min; ramp to 20% B in 3 min 19 sec, ramp to 30% B in 36 
sec; ramp to 98% B in 1.0 min; hold for 2 min 32 sec followed by re-equilibration to 10% B.   
Phytohormones were detected in the mass spectrometer in multiple reaction monitoring 
modus (MRM) with the following mass transitions: SA 136.8/93.0 (CE 14.5 eV); d6-SA 
140.9/97.0 (18.5 eV), SAG 298.8/137.0 (14.5eV). For the quantification of SA, a calibration 
curve of the ratio of peak areas of the unlabeled standard to the peak area of the deuterium-
labelled standard was used. SAG was quantified with an external calibration curve obtained 
with pure SAG. Measurements were successful for 70% of samples.  
 
Statistics 
Two-way ANOVA and Tukey HSD test were carried out to check for the effects of cultivar 
and warming treatment on the salicylic acid content of stem samples. Pearson correlation 
coefficients were calculated to explore the relationship between V. longisporum DNA content 






Results and Discussion 
Salicylic acid (SA) was detected in samples obtained at all sampling time points (Fig. A1). On 
5 May, the susceptible cultivar Falcon accumulated significantly more SA than the resistant 
cultivar SEM. Furthermore, plants from T2 plots (+3.2°C) accumulated significantly more SA 
than plants from T plots (unheated control). At all other sampling time points there were no 
significant differences between cultivars and warming treatments, although on average SA 
accumulation in Falcon was higher than in SEM. SA content of the stem samples was slightly 
increased on 16 June and strongly increased until 7 July. Final SA contents of field samples 
were much higher than SA levels of greenhouse plants measured previously (Ratzinger et al. 
2009). Salicylic acid glycoside (SAG) was detected in much lower amounts compared to SA. 
Lowest amounts were detected on 5 May and 7 July with an increase between these dates, 
especially in heated plots. However, there was no significant effect of cultivar or warming 
treatment on SAG content at any sampling time point. The lowest amount of SAG at the time 
of highest SA content of samples suggest that SAG mainly serves as storage form in oilseed 
rape. Large differences in SA and SAG concentrations among individual infected plants as a 
result of varying levels of infection have been reported in previous studies (Ratzinger et al. 




Fig A1: Salicylic acid (SA) and salicylic acid glycoside (SAG) in oilseed rape stems sampled 






Correlations between V. longisporum DNA content of root, hypocotyl and stem and SA 
content of stem samples were significant, and particularly strong for the susceptible cultivar 
Falcon (Fig. A2c). In contrast to Ratzinger et al. (2009), however, we could not find a 
correlation between SAG in stems and fungal biomass in the hypocotyl. Correlations between 
salicylic acid glycoside (SAG) and V. longisporum DNA were negative and not significant for 





Fig A2: Correlation between V. longisporum DNA content of hypocotyl and stem samples 
and salicylic acid (SA) content of stem samples of the moderately resistant cultivar SEM (a,b) 
and the susceptible cultivar Falcon (c,d) across all sampling time points and warming 





Since uninfected control plants for the determination of constitutive SA levels were not 
available, it is not clear whether SA accumulation was increased in the stem tissue as a result 
of infection. However, the strong correlation of SA with Vl-DNA in the cultivar Falcon, 
which is highly susceptible to V. longisporum, suggests that SA accumulation in winter 
oilseed rape may be a sign of stress and thus a marker for susceptibility rather than a 
resistance response. This hypothesis is supported by other recent studies on SA accumulation 
in oilseed rape cultivars susceptible and resistant towards V. longisporum (Daniel Lopisso and 
Avinash Kamble, pers. comm.). Since no increased SA levels compared to control plants have 
been measured in plants inoculated with V. dahliae (Riediger 2008), which does not colonize 
the stem, fungal spread from hypocotyl into the stem may be responsible for triggering SA 
accumulation. Since constitutive levels of SA are likely to differ between different cultivars 
within the same species and between different organs of the same plant (Vasyukova and 
Ozeretskovskaya 2007), it is not possible to estimate the exact biological role of SA in the 
oilseed rape-Vl interaction investigated here. After all, stronger SA accumulation in Falcon 
compared to SEM may only reflect differences in constitutive levels of SA between those two 
varieties, and the increase of SA towards ripening may reflect the natural change in plant 
metabolism from vegetative to generative growth stages. For further studies, it is 
recommended to sample uninfected control plants as well as to measure the SA content of all 
tissue types which have been subjected to qPCR analysis.  
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